Type-I and type-II Nodal Lines Coexistence in the Antiferromagnetic
  monolayer CrAs$_{2}$ by Wang, Busheng et al.
ar
X
iv
:1
80
3.
04
13
3v
2 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 28
 A
pr
 20
18
Type-I and type-II Nodal Lines Coexistence in the Antiferromagnetic
monolayer CrAs2
Busheng Wang,1 Heng Gao,2 Qing Lu,3 WenHui Xie,4, ∗ Yanfeng
Ge,1 Yong-Hong Zhao,5 Kaicheng Zhang,6 and Yong Liu1, †
1State Key Laboratory of Metastable Materials Science and Technology &
Key Laboratory for Microstructural Material Physics of Hebei Province,
School of Science, Yanshan University, Qinhuangdao, 066004, China
2Department of Physics, Shanghai University,
99 Shangda Road, Shanghai, 200444, China
3Institute of Atomic and Molecular Physics,
College of Physical Science and Technology,
Sichuan University, Chengdu 610065, China
4Department of Physics, East China Normal University, Shanghai 200062, China
5College of Physics and Electronic Engineering, Center for Computational Sciences,
Sichuan Normal University, Chengdu, 610068, China
6Department of Physics, Bohai University, Jinzhou 121000, China
(Dated: May 1, 2018)
Abstract
Topological nodal line semimetals, hosting one-dimensional Fermi lines with symmetry protection, has
become a hot topic in topological quantum matter. Due to the breaking of time reversal symmetry in
magnetic system, nodal lines require protection by additional symmetries. Here, we report the discovery
of antiferromagnetic type-I and type-II nodal lines coexist in the monolayer CrAs2 based on a systematic
first-principles calculation. Remarkably, the type-I nodal line in CrAs2 form a concentric loop centered
around the Γ point is filling-enforced by nonsymmorphic analogue symmetry and robust against spin-orbital
coupling. The type-II nodal lines, a kind of open nodal lines appear around the Fermi level, are protected
by the mirror symmetry in the absence of spin-orbital coupling. The antiferromagnetic monolayer CrAs2
proposed here may provide a platform for the correlation between magnetism and exotic topological phases.
PACS numbers: 71.18.+y, 73.20.At, 75.50.-y
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INTRODUCTION
The discovery of Dirac cones in graphene1–7 have inspired a continuous research of Dirac
semimetals (DSMs)8–17. The massless Dirac fermions in DSMs play the key role in diverse quan-
tum phenomena, such as the novel quantum Hall effect8,9, Klein tunneling10, and giant linear
magnetoresistance11 and so on. DSMs are characterized by the point nodes or nodal lines (NLs)
where the conduction and valence bands cross in the Brillouin zone(BZ). The nodal line semimet-
als (NLSMs) present line band crossing with no dispersion along the NL direction and with linear
dispersion in the perpendicular direction under certain crystalline symmetries18–35. Depending on
the degree of tilting, NLSMs can be classified into type-I and type-II36,37. Previous studies on
NLSMs have focused on time reversal symmetry T invariant systems with and without spin-orbit
coupling (SOC). Symmetry breaking may lead NLSMs into different exotic topological states such
as topological insulators26,38,39 and nodal point semimetals40,41. Generally, the formation of mag-
netic order is accompanied with T symmetry breaking and sometimes followed by a decrease in
crystalline symmetry. Therefore, it is challenging to find NLSMs in a magnetic materials.
Recently, a few theoretical and experimental works started exploring the nodal features in an-
tiferromagnetic (AFM) systems39,42–47. The AFM phase of CuMnAs39 was predicted as a three-
dimensional (3D) NLSM where the NLs are created by the band-inversion transition, and can be
gapped in the presence of SOC. More recent theoretical works46,47 report a distinctive class of 3D
NLSM in AFM systems: essential NLSM. The NLs are filling-enforced by the combination of
Kramers theorem and nonsymmorphic analogue symmetry T˜ = {T |t}, where t is a fraction of the
lattice vector. Furthermore, unlike the NLs in band-inversion NLSMs, the NLs in essential NLSMs
are robust against SOC due to their gaplessness. Based on the above, it is worth asking whether
NLs can be obtained in two-dimensional AFM materials without T symmetry. To the best of our
knowledge, the real two-dimensional (2D) AFM NLSMs have not been reported. Considering the
great success in the field of graphene, it is expected that searching for 2D AFM NLSMs will most
likely lead to the discovery of numerous noteworthy physical phenomena and novel topological
states.
In this work, we performed electronic structure calculations and demonstrated that monolayer
CrAs2, an overlooked 2D material, hosts AFM type-I and type-II NLs in the absence of SOC. It
is worth noting that the essential type-I NL is proposed in 2D AFM materials for the first time.
This NL is filling-enforced by nonsymmorphic analogue symmetry T˜ and cannot be gapped even
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in the presence of SOC. The type-II NLs, formed by band-inversion between the dx2−y2,xy and
dxz,yz orbitals of the transition metal Cr, are protected by the mirror symmetryMz in the absence
of SOC. Moreover, the topological nontriviality was verified by the flat edge states. In addition,
the feasibility of exfoliation from CrAs2 layered bulk phases was computationally predicted based
on small cleavage energies. The phonon calculations and ab initio molecular dynamics simula-
tions suggest that freestanding monolayer CrAs2 is dynamically and thermally stable. The AFM
monolayer CrAs2 proposed here may provide a platform for the realization of relation between
magnetism and exotic topological phases.
COMPUTATIONAL DETAILS
First-principles calculations were performed using the projected-augmented-wave (PAW)
method48 as implemented in the Vienna ab initio simulation package (VASP)49,50. The exchange-
correlation energy was treated using Perdew-Burke-Ernzerhof (PBE)51 generalized gradient ap-
proximation, and the optB88-vdW52,53 dispersion correction was applied to account for the long-
range van der Waals interactions. A vacuum region of 15 A˚ was set to avoid the interactions
between the adjacent atomic layers and its period image could be neglected. A kinetic cutoff
energy of 550 eV was used for the expansion of the wave-function and Monkhorst-Pack k meshes
with a grid spacing of 2 pi×0.03 A˚−1 to ensure that the enthalpy converges to better than 1× 10−5
eV per cell. The calculation of the phonon spectra was performed using the density functional
perturbation theory54–56 with VASP and PHONOPY codes57,58. Moreover, ab initio molecular
dynamics (AIMD) simulations with canonical ensemble using the Nose´ heat bath scheme were
performed to evaluate the thermal stability. To study the topological edge states, a first-principles
tight-binding model Hamiltonian was constructed by projecting onto the Wannier orbitals59–61
with the VASP2WANNIER90 interface62. The Cr d and As p orbitals were used to build the
maximally localized Wannier functions, and then we calculated the edge states using the iterative
Green’s function method as implemented in the WannierTools package63.
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RESULTS AND DISCUSSION
A. Structure, cleavage and stability
Monolayer CrAs2 crystallizes in a 1H structure with aD
1
3h point group symmetry. Each mono-
layer consists of a hexagonal plane of Cr atoms sandwiched between two hexagonal planes of As
atoms, as shown in Fig. 1(a). The Cr atoms are trigonal prismatically coordinated and bonded by
the six nearest-neighboring As atoms. This particular stacking does not preserve the space inver-
sion symmetryP . However, with respect to the Cr atomic plane, the lattice is reflection-symmetric
under the mirror operation Mz. Considering that the transition metal atoms can induce magnetism
in materials64,65, the energies of three different configurations (nonmagnetic (NM), ferromagnetic
(FM), and AFM) was compared to determine the preferred magnetic ground state of the monolayer
CrAs2, as presented in Figure S1 of the Supplemental Information. It’s found that the optimized
AFM state is the most energetically stable at the [001]-direction magnetization, the magnetic mo-
ment is 2.0 µB per Cr atom. Fig. 1(a) shows that the spin-polarization of the monolayer CrAs2
can be characterized by the spin polarized charge density. All the magnetic moments are clearly
localized around the Cr atoms, and the AFM configuration dominates the magnetic ground state of
the monolayer CrAs2. The optimized lattice parameters for the AFM unit cell are a = b = 7.44 A˚,
dAs−As = 2.46 A˚ and dCr−As = 2.48 A˚, respectively. In this AFM system, both the spatial symetry
C3 and time-reversal symmetry T are broken. However, a nonsymmorphic analogue symmetry T˜
= {T |t} is induced by the AFM order, where t = (1/2, 0, 0) is a vector connecting the two spin-
polarized sublattices. This nonsymmorphic analogue symmetry T˜ and the reflection symmetry Mz
of the lattice provide protection for the topological NLs, as discussed below.
Then we focused on the possibility of CrAs2 layers exfoliated from the bulk and the stability of
the freestanding monolayer. Ab initio calculations predict that the bulk crystal CrAs2 with a P 6¯m2
(No. 187) space group is a metastable compound, as depicted in Fig. S2 of the Supplemental
Material. The bulk CrAs2 consists of weakly van der Waals bonded monolayers 1H-CrAs2 with
AA stacking along the c axis. The quasi-2D nature of the bulk CrAs2 enables the creation of a
stable monolayer 1H-CrAs2 by micromechanical cleavage and liquid exfoliation
67,68.
To estimate the feasibility of obtaining monolayers, the cleavage energies were calculated as
a function of the separation between two fractured parts using the optB88-vdW functional, as
shown in Fig. 1(b). A large distance between two layers representing a fracture in the bulk, in-
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FIG. 1. (Color online) (a) Crystal structure of the monolayer CrAs2 (top view) the unit cell of the AFM
configuration is highlighted in orange. There are four Cr atoms (blue spheres) and eight As atoms (green
spheres) in each unit cell. The yellow and cyan isosurfaces correspond to the spin-up and spin-down com-
ponents, respectively, in the spatial spin density distributions. t = (1/2, 0, 0) is the half translation along
the (100) direction. (b) The cleavage energy and strength calculated using the optB88-vdW functional as
a function of the separation d between two fractured parts. d0 represents the equilibrium interlayer dis-
tance; (c) Phonon dispersion of monolayer CrAs2 calculated using the PBE functional; (d) Total energy
fluctuations with respect to molecular dynamics simulation step observed for the monolayer CrAs2 at 300
K.
set of Fig. 1(b) was introduced to simulate the exfoliation procedure69,70. The energy relative to
the uncleaved equilibrium state increases with increasing separation d, and gradually converges
to the cleavage energy. The calculated cleavage energy for CrAs2 is 0.99 J/m
2, which locates be-
tween those of ReSe2 (1.10 J/m
2)71and graphite (0.37 J/m2)73,74. Considering that the exfoliation
of monolayers ReSe2 and graphene in the experiments
72,74, the same is expected for CrAs2. Fur-
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thermore, the absence of any imaginary frequencies of phonon spectrum in the entire BZ confirms
the dynamical stability of the monolayer, and we also performed AIMD simulations for the mono-
layer CrAs2 at room temperature, as shown in Fig. 1(d). The atomic configuration of the mono-
layer CrAs2 including the trigonal prismatical CrAs6 and honeycomb networks remain unchanged.
Clearly, the predicted low cleavage energy, dynamic and thermal stability of the monolayer suggest
that the freestanding monolayer can be obtained experimentally even at room temperature.
FIG. 2. (Color online) (a) The electronic band structures of the monolayer CrAs2 without SOC. Dirac cones
are denoted by L1−3 and P1−4, which correspond to type-I and type-II Dirac points, respectively. An zoom-
in of the band structure within the green boxes is shown in (b) and (c). The valence band maximum and
conduction band minimum are represented as blue and red lines. The Fermi level is set to zero.
B. Electronic properties.
Having identified the magnetic ground state and having assessed the stability of the monolayer
CrAs2, then we investigated the detailed electronic properties. First, the spin-polarized electronic
band structure of the monolayer in the absence of SOC is discussed. As Fig. 2(a) shows, we found
that the material displays a semimetal band structure: the valence and conduction bands meet in
the vicinity of the Fermi level and show three band crossings, labeled as Li (i = 1, 2, 3). Four
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additional band crossings are observed above the Fermi level within the energy range of 0.6 eV, Pi
(i = 1, 2, 3, 4). Considering the band dispersion slope, these linear crossing points Li and Pi are
Type-I and type-II Dirac points, respectively.
FIG. 3. (Color online) (a) 3D energy band of closed NL (type-I) around Li (i = 1, 2, 3); (b) 3D energy
band of open NL (type-II) around Pi (i = 2, 3); (c) Projection of CBM in the BZ, and the Dirac cones at
the 2D band (Fig. 2(a)) are denoted by the yellow (type-I) and green (type-II) circles. The direction of the
reciprocal space is indicated by the arrow magenta, the color represents the energy of the 3D bands; (d)
Scheme showing the shape of the NLs in the whole BZ. The Type-I and type-II NLs are denoted by red and
purple lines, respectively. The Fermi level is set to zero.
To further understand the Dirac features in the whole BZ, the 3D band dispersions for the
monolayer CrAs2 are depicted in Fig. 3. The valence band maximum (VBM) and conduction
band minimum (CBM) meet in the vicinity of the Fermi level with opposite slopes and show a
closed type-I NL, as shown in Fig. 3(a). The closed NL does not lie flat on the Fermi level but has
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a finite dispersion in the region near the this level. Fig. 3(b) clearly shows a type-II NL around the
Pi (i = 2, 3) band crossings (the two bands are tilted in such a way that they share the same sign in
their slope along one transverse direction). For further analysis of the distribution of NLs, the 3D
band of the CBM in the reciprocal space is shown in Fig. 3(c). An exotic electronic structure with
type-I NLs (red lines) is observed, and these NLs form a continuous loop around the Γ points. In
addition, open type-II NLs are located around K points, as depicted in purple along K-K ′ line.
The Dirac points mentioned in the 2D band (Fig. 2), locating at the Type-I and type-II NLs, are
represented by the yellow and green dots in Fig. 3. Furthermore, Fig. 3(d) schematically shows
the coexistence of Type-I and type-II NLs in the whole BZ. Such coexistence around Fermi level
suggests that the ultrahigh mobility in the monolayer CrAs2 is not only confined to Fermi level,
but also above it within the energy range of 0.6 eV like to the commonly phenomenon in Dirac
materials75.
FIG. 4. (Color online) (a) Projected spectrum on the (010) surface of the monolayer CrAs2, the edge states
are denoted as e1 - e3, and the correspondence between them and the semimetal states are e1→ Li, e3→
Pi; e2 is a normal edge state. (b) 2D BZ of the monolayer CrAs2 and its projected 1D BZ. (c) Enlarged
spectrum of edge state e1. The green dots indicate the location of the protected band crossing points on the
type-I nodal loop. Color indicates the charge density for each state at the surface layer.
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Because the topological stable NLSM state have nontrivial edge states76,77, we calculated the
band spectrum of the (010) edge, as shown in Fig. 4. According to the energy range of semimetal
states, as shown in Fig. 2, the correspondence between these edge and semimetal states are: e1→
Li, e3→ Pi. The edge state e1 is split because of the inversion symmetry broken,and the double
degeneracy is lifted for the edge bands of the type-I nodal loop, similar to Dirac NL materials78,79.
Furthermore, after detailed analysis of the edge states with different symmetry, we found that e2
corresponds to a normal edge states derived from the symmetry broken of the ribbon edge.
C. The stability of the Dirac nodal lines
To elucidate the physical origin and symmetry related properties of the type-I and type-II NLs,
we analyzed the orbital composition of the states near the NLs, then artificially broke certain
spatial symmetries to test the robustness of the NLs against SOC. Fig. S3 in the Supplemental
Material depicts the orbitally resolved band structures of the monolayer CrAs2. The type-I NLs in
the monolayer CrAs2 predominantly originate from the in-plane Cr-dx2−y2,xy orbitals, the type-II
NLs are due to the band-inversion between dx2−y2,xy and dxz,yz, as shown in Fig. 5(b). However,
d-orbital Dirac materials generally have a stronger spin exchange interaction and a larger SOC,
which may result in novel physical properties26,35. Fig. 5(c) shows the band structure with SOC for
the monolayer CrAs2. Small gaps (18, 23 and 25 meV along Γ -K, K
′-Γ and Γ -M , respectively)
are observed around the type-II NL2 under SOC. Interestingly, we found band crossings in the
vicinity of the Fermi level without opening of energy gaps, thus the NL1 gaplessness is robust
against SOC.
To demonstrate whether the two NLs in the monolayer CrAs2 are symmetry protected, we per-
formed two tests to evaluate symmetry related properties of the NLs. First, we artificially shifted
the positions of all the Cr atoms along the z-axis to break the mirror symmetryMz, while maintain-
ing the nonsymmorphic analogue symmetry T˜ = {T |((1/2), 0, 0)}, as shown in Fig. 5(d). The cor-
responding electronic structure without SOC clearly shows that the NL2 is fully gapped (Fig. 5(e)).
Contrastingly, the gapless NL1 could be observed even in the presence of SOC (Fig. 5(f)). The
evidence shows that type-II NL2 are symmetry protected by mirror symmetry in the absence of
SOC.
In the second test, we artificially shifted the positions of the Cr1 and Cr4 atoms along the (-
1, -1, 0) and (1, 1, 0) direction, respectively, to break T˜ while maintaining the Mz symmetry,
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FIG. 5. (Color online) (a) Top and side view of the lattice structure for the AFM monolayer CrAs2 with
both nonsymmorphic analogue T˜ = {T |(1/2, 0, 0)} and mirror Mz symmetry. (d) Side view of the lattice
structure after breaking the Mz symmetry but maintaining the T˜ symmetry. Red arrows indicate the shift
(0.1 A˚) of the Cr atoms along the z-axis to breakMz . (h) Top view of the lattice structure after breaking the
T˜ symmetry but maintaining theMz symmetry. Red arrows indicate the shift (0.1 A˚) of Cr1 and Cr4 atoms
along (-1, -1, 0) and (1, 1, 0) direction to break T˜ . The band structured calculated without (b, e, i) and wit
(c, f, j) SOC for the configurations in (a), (d) and (h), respectively. The orbital components. are shown in
either red or blue. The Fermi level is set to zero.
as shown in Fig. 5(h). The band structure with SOC demonstrates that NL1 is fully gapped.
The values for the gap along Γ -K, K ′-Γ and Γ -M are 18, 23 and 25 meV, respectively. The
symmetry mechanism for essential NLs has been discussed extensively for AFM systems46,47. It
should be noted that, such NL is essential, and cannot be gapped without lowering the magnetic
space group symmetries. These results confirm that the essential NL1 is robust against SOC
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and filling-enforced by the nonsymmorphic analogue symmetry (the combination of AFM time-
reversal symmetry and fractional translation).
CONCLUSION
We found that type-I and type-II NLs coexist in the low energy electronic state of an AFM
monolayer CrAs2 without SOC. The essential type-I NL is proposed in AFM 2D materials for
the first time. This NL is filling-enforced by nonsymmorphic analogue symmetry, and cannot be
gapped even in the presence of SOC. The type-II NLs, formed by the band-inversion between
the dx2−y2,xy and dxz,yz orbitals of the Cr atoms, are protected by the mirror symmetry in the
absence of SOC. Furthermore, the topological nontriviality was verified by the flat edge states
on the boundary. In addition, the feasibility of exfoliation from CrAs2 layered bulk phases was
computationally predicted based on the small cleavage energies. The phonon spectrum and AIMD
simulation suggest that freestanding monolayer CrAs2 is dynamically and thermally stable. Thus
the AFM monolayer CrAs2 proposed here may provide a platform for the correlation between
magnetism and exotic topological phases. We believe that the results of this work are suitable for
experimental verification and potential application.
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